establishment. We determined the effects of rhizobial inoculation and
for soil conservation (Alley et al., 1999; Zemenchik et N fertilization on kura clover growth and N 2 fixation in the seeding al., 2000) . Despite this interest, kura clover use is limited year. Kura clover was seeded with or without a commercial rhizobial due to slow establishment. Establishment problems are inoculant and with and without N fertilization in three environments. related in part to kura clover's propensity to partition Fertilization treatments consisted of 100 kg N ha Ϫ1 either applied at a large percentage of its fixed C to roots and rhizomes seeding or split in 10 kg N ha Ϫ1 applications every other week after (Genrich et al., 1998; Woodman, 1999) . While this charseeding. Nitrogen fertilization increased seeding-year herbage accumulation in all locations, but the response to fertilizer N was greater acteristic promotes clonal development and persistence on a loamy sand with low organic matter and available N than on a of kura clover, it also makes establishing plants very sussilt loam with high soil organic matter. Rhizobial inoculation failed ceptible to competition from other species. Kura clover to consistently improve seeding-year herbage accumulation compared establishment is thus maximized by limiting competition with no inoculation; a positive response was observed in only one of from other species. However, even with appropriate manthree environments. Dry matter accumulation responses of root and agement, forage yields in the seeding year have been rhizome to N fertilization and rhizobial inoculation were similar to small compared with other forage legumes, often Ͻ400 that of herbage. Dinitrogen fixation in the seeding year varied between kg ha Ϫ1 dry matter (DM) (Seguin et al., 1999) . , with all N applied 1 d after Allen, 1952; Keim, 1954 domly selected, and nodule number was recorded for each
We hypothesized that the commonly reported poor perplant. Plant herbage, root, and rhizome fractions were separated and dried for 48 h at 60ЊC to determine dry mass. Dried formance of kura clover in the establishment year is herbage was ground to pass a 0.5-mm screen and then analyzed due to N limitation.
for N concentration using the micro-Kjeldahl procedure (AOAC, 1975) . The difference method was used to calculate
MATERIALS AND METHODS
N 2 fixation and percent of N derived from the atmosphere (%Ndfa) at time of maximal herbage DM accumulation using Experiments were initiated in May 1998 and 1999 at Becker, the noninoculated kura clover plots as the nonfixing reference MN and in May 1999 at St. Paul, MN. At Becker in 1998 , crop (Zhu et al., 1998 . In late May of the postseeding year, the soil, a Hubbard loamy sand (sandy, mixed, frigid Entic plants were dug from a 1-m 2 area to a 20-cm depth at Becker Hapludoll), had pH, NO Ϫ 3 -N, and soil organic matter levels and to a 10-cm depth at St. Paul. Low soil moisture levels at of 6.6, 1.5 mg kg Ϫ1 , and 18 g kg Ϫ1 , respectively. In 1999, soil St. Paul in 2000 made digging and root recovery difficult. pH, NO Ϫ 3 -N, and soil organic matter levels were 7.2, 2.1 mg Plants were washed in water; separated into herbage, root, kg
Ϫ1
, and 16 g kg Ϫ1 , respectively. At St. Paul, the Waukegan and rhizome components; and dried for 48 h at 60ЊC to detersilt loam (fine-silty over sandy, mixed, Typic Hapludoll) had mine mass on a DM basis. pH, NO Dry matter accumulation data were first analyzed as a split kg Ϫ1 , and 53 g kg Ϫ1 , respectively. Soil exchangeable K (Ͼ400 split-plot model (Gomez and Gomez, 1984) using the PROC kg ha Ϫ1 ) and extractable P (Ͼ50 kg ha Ϫ1 ) levels optimum for ANOVA procedure of SAS (SAS Inst., 1988) . Main plots legume growth were achieved at all locations by fertilization were inoculation treatments, split plots were N fertilization before seeding. At Becker, plot areas were planted with rye treatments, and split-split plots were sampling date. Because (Secale cereale L.) in the preceding growing seasons while in several interactions were significant (Table 1) , data were also St. Paul, the plot area was planted with corn (Zea mays L.).
analyzed as a split plot for each sampling date. This same Temperature and precipitation at Becker were near average model was used to analyze maximum herbage, root, and rhiin 1998, but at both Becker and St. Paul in 1999, temperature zome yields; N yield and N 2 fixation at a particular time; and and precipitation were above the 30-yr average. In the spring yields in the postseeding year. Location effects were not tested of 2000, precipitation was below average at both locations. In because locations had different numbers of treatments, samMay 1999, precipitation was 46 and 97 mm above average at pling dates, or both. Becker and St. Paul, respectively, while in the spring of 2000, it was 25 and 50 mm below average at St. Paul and Becker, respectively. Becker plots were irrigated to meet evapotranspi- 
Accumulation and Maximum Yields
Kura clover DM accumulation varied greatly among tion and N fertilization treatment (Fig. 1) . In 1998 at environments (Fig. 1) . In most cases, DM accumulations Becker and in 1999 at St. Paul, maximum herbage yield of herbage and root were linear although quadratic was reached 150 DAS with all treatments while in 1999 trends were sometimes observed. Herbage and root DM at Becker, maximum yield varied between 100 and 150 accumulations were four to six times greater at St. Paul DAS, depending on treatments. At the time of maxithan at Becker. Location differences were likely related mum DM accumulation, there were few significant N ferto greater initial soil fertility and organic matter level tilization or inoculation effects and no N fertilization ϫ at St. Paul. inoculation interaction (Table 2 ). Only at Becker in Nitrogen fertilization affected herbage DM accumu-1999 did both N fertilization and inoculation signifilation in all environments (Table 1) . A fertilization ϫ cantly increase (P Յ 0.05) maximum herbage yield comsampling date interaction occurred because the increase pared with nonfertilized and uninoculated treatments, in kura clover DM accumulation caused by N fertilizarespectively. The responses to N fertilization at Becker tion was greater at later sampling dates (Fig. 1) . In in 1998 and St. Paul in 1999 and the response to rhizobial contrast, rhizobial inoculation increased DM accumulainoculation at Becker in 1998 were significant but only tion only at Becker in 1999. An interaction of inoculaat P Յ 0.1. Maximum herbage yields of kura clover tion with sampling date occurred because the response observed for the inoculated nonfertilized treatment to inoculation only appeared late in the season. A N were similar to those reported by Genrich et al. (1998) fertilization ϫ rhizobial inoculation interaction only ocunder similar conditions at Becker, but in St. Paul, yields curred at Becker in 1998 where herbage DM accumulathat we observed were almost two times greater. tion was greater with a combination of N fertilizer and Root DM accumulation was increased by N fertilizarhizobial inoculant than with other treatments. tion at Becker in 1998 and 1999, and as with herbage Maximum herbage yield was reached at different yield, N fertilization ϫ sampling date interactions occurred at Becker because of the increasing response to times depending on the environment and the inocula- N fertilization with time (Table 1) . Rhizobial inoculapling date and N fertilization ϫ sampling date interactions at Becker in 1998 and 1999 (Table 1) . At the end tion only increased root DM accumulation at Becker in 1998, the inoculation ϫ date interaction illustrating that of the season, when maximum rhizome yield occurred, N fertilization increased rhizome yield at Becker in 1999, the response increased with time. There was no fertilization ϫ inoculation interaction at any location. Maximum but inoculation effects were not significant in any environments (Table 2) . root yield occurred at 150 DAS in all environments with all treatments and was increased by N fertilization at
The apparently overall greater response of DM accumulation over the season and at time of maximum yield, Becker in 1998 and 1999 (Table 2) . As with herbage yield, maximum root yield observed in our study for inoculated, especially for herbage, to N fertilization compared with rhizobial inoculation suggests that kura clover growth nonfertilized kura clover was relatively similar to yields reported by Genrich et al. (1998) at Becker, but at St. may have been N limited when inoculated. The response was especially greater at maximum DM accumulation Paul, yields that we observed were greater. Because herbat Becker than at St. Paul. At Becker, plants that were age and roots were affected similarly by treatments, root/ not N fertilized appeared chlorotic during the seeding shoot ratio was unaffected (data not presented).
year. The lower response to N fertilization at St. Paul, Rhizome DM accumulation in this study was slow, which has a silt loam soil with greater organic matter with rhizomes initially observed at about 100 DAS; in and that mineralizes more organic N than the loamy contrast, Genrich et al. (1998) seed. ‡ NS, not significant at P Ͻ 0.05. § N fertilization: 0, no N fertilizer applied; 100, 100 kg N ha Ϫ1 applied at seeding; S100, split application of 100 kg N ha Ϫ1 at 10 kg N every other week after seeding.
tion occurred in all environments because the response to inoculation increased with time. For both years at Becker, two-and three-way interactions among inoculation, N fertilization, and sampling date occurred because nodulation was promoted not only by inoculation, but also by N fertilization and the response increased with time. In St. Paul, N fertilization reduced nodulation, and there was no inoculation ϫ N fertilization interaction. The difference between locations in nodulation response to N fertilization may be attributable to the greater inherent soil N levels at St. Paul compared with Becker. It has been previously shown that at low initial soil N levels, moderate N fertilization may stimulate fertilizer at Becker was attributable to increased herb-0, no fertilization; 100, 100 kg N ha Ϫ1 applied at seeding; and S100, age DM from the fertilization, resulting in increased split application of 100 kg N ha Ϫ1 at 10 kg N every other week after seeding. Vertical bars indicate the standard deviation.
photosynthates available for the nodulation process. Nodulation response to inoculation appeared on averBecker and St. Paul were comparable to seeding-year age 50 DAS, and it took 100 DAS to observe more than yields reported for other perennial forage legumes 10 nodules per plant (Fig. 2) , confirming that nodulation (Heichel et al., 1984 (Heichel et al., , 1985 Hall et al., 1995) . Also, the of kura clover is a very slow process (Hely, 1957;  Gen-N fertilization response and the contrasting lack of inocrich et al., 1998) . Nodulation is typically observed 2 to ulation response at Becker reveals the inefficiency of 3 wk after inoculation in other species (Graham, 1998) . currently available kura clover rhizobia. In low-N soils, This slow rate of nodulation may be responsible for rhizobial inoculation will not be sufficient to maximize kura clover's poor seeding-year response to inoculation. DM accumulation in kura clover.
In all environments, nodulation of uninoculated plants was extremely limited, with no effective nodules ob-
Nodulation, Nitrogen Yield,
served. This confirms the absence of native rhizobia and Dinitrogen Fixation effectively nodulating kura clover in soils of our study. Nitrogen yields (i.e., herbage yield ϫ N concentraRhizobial inoculation increased nodulation in all environments, and a sampling date ϫ inoculation interaction) at maximum herbage DM accumulation were only levels in kura clover nodules. Although kura clover N 2 § NS, not significant at the 0.05 level. ¶ N fertilization: 0, no N fertilizer applied; 100, 100 kg N ha Ϫ1 applied at fixation appears to be insignificant in the seeding year, seeding; S100, split application of 100 kg N ha Ϫ1 at 10 kg N every other Seguin et al. (2000) reported postseeding year N 2 fixaweek after seeding. N fertilizer was applied only in the seeding year.
tion levels to be similar to those of birdsfoot trefoil.
# The I * N interaction indicates a greater response to N fertilization when inoculated than when not inoculated.
Postseeding Year Yield
shown). The lack of treatment response at St. Paul, as In contrast to the seeding year when rhizobial inoculawell as the relatively low root yields observed at this tion had limited impact on herbage DM accumulation location, may be explained by the low soil moisture at and maximum DM yield of kura clover, in the postseedharvest that made root recovery difficult. Rhizome ing year, spring herbage yields at Becker in 1999 and yields were increased by seeding-year inoculation at at St. Paul in 2000 were greatly increased by inoculation Becker in 1999 and by seeding-year N fertilization at in the preceding year (Table 4 ). In contrast, seedingBecker in 2000. There was no inoculation ϫ N fertilizayear N fertilization increased postseeding year herbage tion interaction in any of the environments. yield only at Becker in 2000. There was no inoculation ϫ When response to N fertilization was observed at time N fertilization interaction in any environments. Results of maximum DM yield in the seeding year (Becker, suggest that rhizobial inoculation in the seeding year 1999; Table 2 ), response was maintained in the postseedbenefits kura clover beginning in the year following ing year (Becker 2000; Table 4 ). This sustained response seeding. This delay in inoculation response might be to N fertilization from the seeding to postseeding year due to the slow nodulation process in kura clover.
emphasizes the importance of proper N nutrition during Spring root yields in the postseeding year were inkura clover establishment. creased by seeding-year inoculation at Becker in 1999 while seeding-year N fertilization increased yields at
SUMMARY AND CONCLUSIONS
Becker in 1999 and 2000 (Table 4 ). At Becker in 1999, there was also a significant inoculation ϫ N fertilization Our study suggests that the use of a current commerinteraction due to a greater response to seeding-year cial rhizobial inoculant for kura clover has limited measurable benefits in the seeding year. Rhizobial inocula-N fertilization when plants were inoculated (data not
